A global map of gene expression within an organ can identify genes with coordinated expression in localized domains, thereby relating gene activity to cell fate and tissue specialization. Here, we present localization of expression of more than 22,000 genes in the Arabidopsis root. Gene expression was mapped to 15 different zones of the root that correspond to cell types and tissues at progressive developmental stages. Patterns of gene expression traverse traditional anatomical boundaries and show cassettes of hormonal response. Chromosomal clustering defined some coregulated genes. This expression map correlates groups of genes to specific cell fates and should serve to guide reverse genetics.
In multicellular eukaryotes, development is a process regulated by differential gene expression whereby cells acquire specific fates. Thus, celltype specific gene expression profiles will help reveal the determinants of cell fate. Expression analysis of single cell types alone from complex organs in both plants (1) (2) (3) and animals (4, 5) do not allow one to infer the relative expression levels among cell types. Gene expression patterns will be more informative when all or most cell types within an organ are analyzed.
We have developed a set of techniques to generate high-resolution spatial and temporal expression profiles throughout the Arabidopsis root. The method measures gene expression among cell types and tissues and along a developmental gradient, resulting in a digital readout with resolution approaching that of in situ hybridization (thus, we call the output a digital in situ). We chose the root to test this protocol because of its relatively simple radial organization and its mode of continuous development from a set of stem cells (6) . An additional advantage of the root was the availability of well-characterized transgenic lines expressing green fluorescent protein (GFP) in specific cell populations.
For cell-type and tissue-specific expression, the roots of plants expressing GFP in specific cell types were dissociated into single cells by enzymatic digestion of their cell walls (protoplasting) [for example, (7)]. The GFP-expressing cells were isolated with the use of a fluorescence-activated cell sorter, and their mRNA was analyzed with the use of microarrays. We used five separate GFP lines [expressing in stele, endodermis, endodermis plus cortex, epidermal atrichoblast cells, and lateral root cap ( fig. S1 )] that together captured all but two cell types produced from the primary meristem of the root (Fig. 1A) . Highthroughput techniques allowed the harvesting, protoplasting, and sorting of about 10 million cells in about 1.5 hours. Within this time period, specialized cells do not appear to undergo substantial changes in their transcriptional identity (8) (see below).
To obtain gene expression data along a temporal axis, we took advantage of the fact that the developmental stages of root cells are roughly correlated with distance from the apical meristem. Roots were dissected at stage-specific cellular landmarks along this longitudinal axis (Fig. 1A) , and RNA from developmental stages was hybridized separately to microarrays. All samples were hybridized to the ATH1 GeneChip (Affymetrix, Santa Clara, CA), which contains probes for more than 22,000 Arabidopsis genes, covering about 90% of the genome. The three developmental stages analyzed corresponded to the same region of the root that was efficiently protoplasted. Thus, for each gene, expression signals from the three developmental stages (hereafter stages) were used to apportion expression of the cell type and tissue profiles (hereafter zones) forming 15 separate subzones (five cell types by three stages). For example, a gene with an expression signal of 200 in the stele that has 50% of its stage-specific expression in stage 1 (promeristem) would be given an expression signal of 100 for stele stage 1, and so on (Fig.  1A) . The continuous growth of the root meristem allowed us to collect different cell types at essentially synchronized stages of development, making the root an ideal model for the digital reconstruction technique. Other organs can be profiled along a developmental gradient with the use of stage-specific GFP marker lines or time series sampling for tissues with synchronized, determinate growth.
To determine the extent to which the protoplasting treatment altered gene expression, we compared expression in protoplasted roots with untreated roots. Roots were grown in the high-throughput conditions described above and split into two pools, one that was processed immediately for RNA extraction and a second that was treated with protoplasting enzymes and collected in increments over 1 hour to simulate the conditions of sorted cells. Labeled RNA from treated and untreated roots was then hybridized to microarrays, and expression for each gene was compared between the two treatments. Expression of individual transcripts was highly correlated in the two treatments in all three replicates (r ϭ 0.90, r ϭ 0.92, and r ϭ 0.92), showing that the rapid protoplasting treatment did not dramatically change global gene expression profiles. We did, however, identify several hundred transcripts that were consistently induced by protoplasting treatment (table S1). These were removed from further analysis.
To determine whether the relative abundance of individual RNA species as assayed by our microarray analysis mirrored the amounts found in the sorted cells, we used real-time reverse transcription polymerase chain reaction (RT-PCR) on RNA from the sorted cells on four transcripts with putative zone-specific expression. In each case, relative amounts of cell-type enrichment were closely replicated by the quantitative RT-PCR analysis ( fig. S2) .
We validated the digital in situ method by comparing its results for individual transcripts to previously documented expression patterns derived from promoter reporter constructs or in situ hybridization (e.g., Fig. 1 , B to D). Root expression patterns generated by digital in situs matched documented expression patterns in 25 out of 26 cases ( fig. S3 ). In an analysis of zone and stage data separately, only one transcript failed to match documented patterns. We then used the documented expression patterns as a training set to determine an expression level that represented a minimum transcript presence signal above noise (set at 75). At this threshold, the combined data had 19 false positives and 4 false negatives out of 390 measurements (15 subzones in 26 cases). To further test the method, we confirmed digital in situ patterns of two uncharacterized genes with in situ hybridization. Both matched the predicted digital patterns (e.g., Fig. 1D ). Thus, the overall error rate was about 5.5%. Together the validation experiments showed that the digital in situs recreated root expression patterns at a high level of detail and accuracy (the full data set is available in table S2).
We next analyzed differential regulation and broad patterns of gene expression. We defined "differential regulation" as those genes with a maximum expression value four times higher than their minimal expression value (which we determined to be a highly conservative criteria for distinguishing true induction from expression fluctuations due to noise on the basis of genes with known root expression patterns). Out of 10,492 genes detected in the root, 5717 transcripts (ϳ54%) were differentially regulated across subzones. Thus, the majority of detectable genes changed dramatically in expression across root subzones.
To identify dominant expression patterns, we first coded the expression of all genes into binary values, scoring expression signals either above (1) or below (0) the previously defined detection cutoff of 75. This discretization of the data focuses on expression fluctuations at the level of detection. Although over 1500 different patterns were observed, 10 patterns accounted for 20% of all genes that were not either ubiquitious or entirely below detection levels (n ϭ 7480 binary regulated genes). Many other patterns deviated by only one or two bits (out of 15) from the 10 major patterns, indicating that many genes fell into a few patterns. To corroborate the number of major patterns in the data, we applied principal component analysis (PCA) to the 5717 differentially expressed genes (9) . The analysis showed that eight eigenvalues accounted for 85% of the variation in the data, and each of the eight explained at least 4% of the variation (10). Thus, PCA, which uses the full range of expression values, indicated that about eight dominant patterns summarized much of the way genes varied among the 15 root zones. Moreover, many of the trends identified by the eigenvectors in PCA were similar to cell-type enrichment patterns revealed by the binary analysis.
Because the expression profiles fit into 8 to 10 major patterns and we sought to summarize expression patterns broadly, we used K-means clustering to group all 5717 differentially expressed genes into eight groups (11) . Many of the same specific patterns detected in PCA and binary analysis emerged in the K-means clustering, which partitions the data into discrete expression groups and also uses the full range of expression values. The agreement of these different analyses supports the robustness of the major expression patterns found (table S3) .
To visualize the patterns, we mapped the expression of all the differentially regulated genes onto a grid representing the physical root (Fig. 2) . The grid was organized into 15 subgrids corresponding to the subzones of the root, and each subgrid contained the expression signal of all 5717 genes, with their expression intensity depicted on a color scale. Genes were laid down in the subgrids by clusters with the same gene at the same coordinates in each subgrid. Thus, groups of genes with coordinated induction and repression are apparent as broad color bands that represent spatial and temporal domains. These clusters are not the only expression patterns we observed among root-expressed genes but rather represent large-scale trends in expression. We call these clusters, which are composed of sets of genes whose expression is enriched in one or more subzones, localized expression domains (LEDs) (table S2).
We expected LEDs with the most dramatic biases in gene functional categories to correlate strictly with cell maturity. Thus, stage-specific patterns offered an opportunity to test whether LEDs organized genes into functionally coherent groups. For example, Genes annotated with the designations of nuclear organization (A) and cell cycle and mitosis (B) are overrepresented in LED 8. Genes annotated as key kinases (C) are overrepresented in LEDs 6 and 7, and genes annotated as specific transcription factors (D) are overrepresented in LED 7. Attached bars are 95% confidence levels generated by bootstrapping the sample 1000 times with the observed frequency of positive scores. Annotations are from the Munich Information Center for Protein Sequences functional categories database, except for transcription factors, which was a list of 1600 transcription factors compiled from several sources.
LED 8, which spanned all radial zones but peaked in stages 1 and 2, was significantly overrepresented with genes involved in nuclear organization, cell cycle, and mitosis (Fig. 3, A and B) , as expected of rapidly dividing cells in this broad meristematic zone. Other subcategories that showed the same pattern were organization of cytoplasm, mitochondrial organization, and ribosomal proteins (12) . LED 7, which spanned all radial zones but peaked in stage 3, contained significantly more kinases and transcription factors than most other LEDs (Fig. 3, C and  D) , delineating an apparent extensive signaling network associated with cell maturation across cell types.
We were particularly interested in LEDs that spanned only a subset of radial zones because of their potential to define cell and tissue specificity. Taking as an example genes that regulate or respond to plant hormones, we found these genes in many LEDs. However, three LEDs showed an aggregation of genes with known or putative roles in auxin, gibberellic acid (GA), or jasmonic acid (JA) pathways, suggesting the possibility of localized signaling centers. LED 1 (451 genes), which contains the 4.3% of root-expressed genes enriched in the stele in stage 3 (Fig. 4A) , contained 7 of the 49 auxin-related genes expressed in the root (14%) (table S4). This was the only significant grouping of auxin-related genes (P ϭ 0.015), because most such genes were contained within the nondifferentially regulated group (4775 genes) or in the two large stagespecific LEDs (7 and 8) . Thus, genes related to auxin function show expression in the root center, where auxin is known to affect vascular development (13) .
Gene expression related to JA function characterized the outer layers of the root. Of 47 JA-related genes expressed in the root, 9 were expressed in LED 4 (672 genes), which peaked in the epidermis in stage 2 (Fig. 4B , yellow) and 10 were expressed in LED 5 (299 genes), which peaked in the lateral root cap in stage 1 (Fig. 4B, blue) . The two LEDs comprised only 6.4% and 2.8% of root-expressed genes but contained 19% and 21% of the root-expressed JA-related genes, respectively (table S4) . They were the only two significant aggregations of JA-related genes (P Ͻ 0.01 and P Ͻ 0.0002). These LEDs included many genes implicated in pathogen response, such as myrosinasebinding proteins, lectins, and CYP79B2 (14, 15) . These LEDs may reflect constitutive JAinduced defense responses in the outer layers of the root (roots in our experiments were grown under sterile conditions) or may signify a function for JA in coordinating root development.
Another aggregation of hormone-related genes was found in LED 2 (587 genes; Fig.  4C ), which comprised only 5.6% of the rootexpressed genes but contained 9 of the 29 GA-related genes expressed in the root (31%) (table S4). Similarly, this represented the only significant aggregation of GArelated genes (P Ͻ 0.0002). LEDs 2 and 3 do not conform to classically defined tissue boundaries, and they may identify new developmental domains not apparent by morphological classification. Together these data lead us to hypothesize the existence of JA and GA hormone signaling centers with the potential to serve as local organizing centers in root development.
We also examined the expression of transcription factors (TFs) to explore the complexity of regulatory mechanisms in the root. From a list of 1411 transcription factors in Arabidopsis on the ATH1 microarray, we detected 577 in the root, of which 331 were differentially regulated. Most of the TF families examined had members in multiple LEDs, indicating a divergence in their developmental roles. Most gene families examined also had multiple paralogs in the same LED (Table 1) , identifying small groups of potentially redundant TFs that could be targeted for multiple mutant analyses. One extreme case was the WRKY TF family; 12 of the 37 members found in the root were contained in LED 6, indicating a possible specialized role for these TFs in cell maturation. Most of the differentially regulated TFs found are as-yet uncharacterized.
We also found evidence for chromosomal clustering (4, 16, 17) of the coregulated sets of genes within LEDs. Genes in four of the eight LEDs were significantly clustered on the chromosome as compared to random gene sets [e.g., (7)]-LED 1 (47 observed, 31 expected, P Ͻ 0.035), LED 3 (44 observed, 23 expected, P Ͻ 0.0014), LED 4 (86 observed, 63 expected, P Ͻ 0.0278), Table 1 . Root expression patterns among members of five transcription factor families. LEDs are the same as those defined in Fig. 2 . The number of members of each family in each LED is represented. The category "Other" is composed of all 4775 genes that showed relatively constant root expression, changing in expression by less than a factor of four between any 2 of the 15 subzones. and LED 8 (541 observed, 456 expected, P Ͻ 0.0006)-providing evidence in plants for a link between genome organization and gene regulation. Together these data provide an organ expression map, revealing putative localized hormone-response domains and a complex pattern of regulatory genes that could mediate primary developmental cues. These data should help identify candidate genes involved in pattern formation and cell specificity in the root, which is a model for organogenesis. The expression map will also facilitate both computational and experimental methods aimed at decoding regulatory mechanisms in the root. Thus, these results can now be used to explore how the hundreds of different expression patterns they reveal are established and interpreted at the cellular level to generate a complex organ.
